The individual methods of disinfection peracetic acid (PAA) and UV radiation and combined process PAA/UV in water (synthetic) and sanitary wastewater were employed to verify the individual and combined action of these advanced oxidative processes on the effectiveness of inactivation of microorganisms indicators of fecal contamination E. coli, total coliforms (in the case of sanitary wastewater), and coliphages (such as virus indicators). Under the experimental conditions investigated, doses of 2, 3, and 4 mg/L of PAA and contact time of 10 minutes and 60 and 90 s exposure to UV radiation, the results indicated that the combined method PAA/UV provided superior efficacy when compared to individual methods of disinfection.
Introduction
Waters that do not present good quality represent a menace to the human health, due to the possibility of contamination of populations through waterborne diseases. According to the Trata Brasil Institute, 88% of the deaths caused by diarrhea worldwide are caused by unsuitable sanitation. In 2011, in Brazil, 396.048 people were infected with diarrhea, and 35% of these patients were children under 5 years old [1] .
One of the main sources of water contamination is the release of raw domestic sewage or wastewater that have not undergone efficient treatment, thus constituting a potential load of pathogenic organisms excreted by infected individuals [2, 3] .
In such context, the interest in wastewater disinfection processes has become increasingly higher.
Chlorine is the most widely employed disinfectant to treat water and wastewater all over the world. This is due to its largely known technology, low cost, and proved efficiency in inactivating a great variety of pathogenic microorganisms [3] [4] [5] .
However, the use of chlorine to disinfect sanitary sewage requires dechlorination prior to the effluent release in the receptor body; even at low concentrations, chlorine is toxic to the water life. Regarding drinking water, there is a concern about this disinfectant oxidizing some kinds of organic matter, mainly humic and fulvic acids, and forming trihalomethanes, which are highly carcinogenic compounds [5, 6] .
Due to this problem, new studies have been developed, seeking alternative disinfectants to the chlorine, such as ultraviolet (UV) radiation, peracetic acid (PAA), and advanced oxidative processes as the PAA/UV proposal analyzed in this study.
UV radiation is a physical mechanism that transfers electromagnetic energy to the microorganisms' genetic material, through special mercury vapor lamps. When the UV radiation penetrates the cell wall, it destroys the microorganism ability to reproduce [7] .
UV radiation presents the advantages of being efficient to inactivate a great variety of microorganisms without provoking residual effects that might be harmful to human being or water life; it is easy to operate and requires short contact time for disinfection, which implies smaller units in the water or wastewater treatment plants [7] .
However, small doses might not be efficient in inactivating some viruses, spores, and cysts, and some organisms might reverse the radiation effect through the photoreactivation or dark repair. Besides that, turbidity and total suspended solids present in the sewage might reduce the efficacy of disinfection through radiation. And, regarding drinking water, the main inconvenience is the absence of disinfectant residual along the distribution system. UV radiation is more expensive than chlorination, but the costs become competitive when dechlorination is taken into consideration [4, 6, 7] .
Peracetic acid (CH 3 CO 3 H) is a strong oxidant which presents advantages: the treatment being easy to implement (without the need of high investment), the large spectrum of microbial activity even in the presence of heterogeneous organic matter, absence of residual or toxic and/or mutagenic by-products, not requiring dechlorination, presenting low dependency on pH, and short contact time [8] .
There are no reports in the literature pointing PAA as carcinogenic or that it presents toxicity in the reproduction and human development.
When surveying studies on the use of PAA to disinfect wastewater, Cavallini et al. [9] observed that the toxicity results and the formation of by-products were very low when compared with chlorine, which might be ascribed to the PAA composition and its fast decomposition in the effluent.
The disadvantages of using PAA in wastewater disinfection are the increase in the effluent organic content, enhancing microbial regrowth, higher cost when compared to chloride and lower efficiency against some viruses and parasites [8, 10] , and, in water disinfection, the absence of disinfectant residual.
In the literature, some advanced oxidative processes (AOPs) have been proposed (UV/H 2 O 2 , O 3 /H 2 O 2 , O 3 /UV, and TiO 2 /UV). The AOPs are based on the use of secondary oxidants, such as free radicals (OH), which can be generated by the interaction of UV radiation with a chemical disinfectant able to release such radicals. Hydroxyl radicals are highly reactive oxidant agents which can be used to oxidize organic and inorganic compounds and other toxic or pollutants or resistant to biological treatment and as disinfectants [11, 12] .
In the PAA/UV sequential process there is PAA photolysis under the action of the UV light. According to Caretti and Lubello [11] there is an interruption in the bond O-O of the PAA molecule, with the subsequent formation of the hydroxyl radical. The presence of PAA hydrogen contributes not only to the formation of PAA again as soon as it is consumed, but also to the formation of new hydroxyl radicals.
The use of two or more disinfectants, simultaneously or sequentially applied, characterizes the disinfection method named by USEPA [7] as interactive or combined and presents the increase in microbial inactivation efficiency in some groups of microorganisms as an advantage; this includes the possibility of synergism to occur, minimization of disinfection by-products formation, and the use of smaller doses of disinfectant agents.
The sublethal damage to the cell wall of the microorganism provided by a disinfecting agent can improve the sensitivity of the organism to the action of other disinfectants and then synergism occurs.
However, despite the promising advantages of the use of combined processes, they do not present global improvement of disinfection in all situations. Thus, research in this area, involving different disinfection methods in combination, as it is the case of PAA/UV in different groups of indicator microorganisms, is highly relevant.
This study presents tests with wastewater and synthetic water disinfection using peracetic acid (PAA), UV radiation and employing the sequential PAA/UV process to the inactivation of indicator microorganisms: E. coli, total coliforms, and coliphages.
Materials and Methods

Experimental Conditions.
Disinfection experiments, both in water and in wastewater, were carried out individually with PAA, UV radiation and using the sequential PAA/UV method. The individual assays with PAA and UV radiation were performed in order to calculate the synergism, once the method employed takes into account individual disinfection tests, as will be seen in Section 3.
The water under study, named synthetic water, was composed of deionized water and specific salts, according to the Standard Methods for the Examination of Water and Wastewater [13] , and added to the indicator microorganisms strains: E. coli strain ATCC 11229 (bacteria indicator) and coliphages (virus indicator) isolated from wastewater, using the E. coli CIP 55.30 as the host strain.
The wastewater was collected at the output of a municipal wastewater treatment plant (WTP) consisting of a biological secondary treatment: a fluidized bed anaerobic reactor (FBAR) and an upflow anaerobic sludge blanket (UASB) in parallel, followed by stabilization pond, and the sewage samples were collected at the output of this pond.
For the UV radiation disinfection tests, a laboratory bench reactor measuring 45 cm × 40 cm × 15 cm was employed, operating in a batch mode, made of stainless steel, with removable aluminum lid, containing six emerged 15 W mercury vapor lamps.
The UV reactor was filled up with both effluent and synthetic water up to the point where liquid reached 4 cm, which made up a total volume of 7,5 liters. In order to carry out the experiments, the six lamps in the reactor were turned on for 30 minutes in advance to produce heat and stabilize. The times of exposure employed were 60 and 90 seconds, which in experiments with wastewater characterized doses of 125, 16 -: not carried out; <1: lower than the detection limit of the method used.
Throughout the exposure time, the liquid was kept under magnetic agitation, preventing the sedimentation of solids. After the exposure time was over, samples were collected for the microbiological examination.
Radiation intensity measurements were carried out with a radiometer (Vilber Lourmat) with UV radiation detector sensor at the 254 nm wavelength. To determine the UV radiation dose, the route described by Daniel [14] , as well as the study carried out by Souza et al. [15] , was followed.
PAA disinfection tests were carried out in a batch mode employing the commercial product PROXITANE 1512 which is a quaternary mixture in equilibrium containing peracetic acid (15%), hydrogen peroxide (23%), acetic acid (16%), and stabilizing vehicle. In the experiments with wastewater, PAA doses applied were 2, 3, and 4 mg/L in test 1 and 3 mg/L in test 2; the contact time employed was 10 minutes for all doses. In experiments with water, in both tests carried out, PAA doses employed were 2, 3, and 4 mg/L and contact time was 10 minutes. To inactivate the residual PAA, after the contact time specified, sodium thiosulfate (1%) was added at the proportion 0,1 mL for each 100 mL sample. The residual PAA was measured through the spectrophotometric method, using the chromophore N,N-diethyl-p-phenylenediamine (DPD) ((C 2 H 5 ) 2 C 6 H 4 NH 2 , 97% ALDRICH) [9] .
In the combined method, the same procedures were employed as the individual methods, PAA was the primary disinfectant employed, and, after the contact time, the effluent was exposed to the previously set UV radiation doses.
Sample Characterization.
The physicochemical characterization of samples was carried out according to the procedures indicated in the Standard Methods for the Examination of Water and Wastewater [13] , and turbidity, total suspended solids, chemical oxygen demand (COD), and absorbance 254 nm analyses were performed for the wastewater and turbidity, pH, COD, and absorbance 254 nm, for the water. Besides that, total coliforms, E. coli, and coliphages were quantified in the wastewater and E. coli and coliphages in water.
In order to quantify E. coli and total coliforms (TC) the membrane filtration technique was employed using the culture medium Agar Hicrome Selective ECC Base CAT.M1294 (Himedia) which enables the simultaneous determination of total coliforms and E. coli.
For the quantification of coliphages, the plates test was carried out according to the CETESB L5.225 Norm [16] and the culture medium employed was modified Tryptic Soy Agar (TSA). In Table 1 the results of microbial inactivation employing the PAA and UV individual methods are presented, and for the inactivation calculation the equation − log( / ) was used, where corresponds to the microorganisms initial number (gross sample) and the microorganisms after disinfection.
Results and Discussion
Tests of Wastewater Disinfection
In relation to the results in UV tests, good global efficiency inactivation was observed in test 2, reaching 3,48 log E. coli inactivation values for both doses of UV used, 3,1 log coliphages, also for both UV doses, and 3,35 log total coliforms for the 164,84 mWs/cm 2 dose. In test 1, despite the coliphages inactivation presenting lower values, its inactivation was efficient (Table 1 ). This is due to the fact that the coliphages concentration in the gross effluent was not really high. On the other hand, in the same test, UV radiation was not very efficient to remove total coliforms (maximum inactivation log 1,76). The biggest difficulty to the inactivation of total coliforms is also observed in several other studies in the area specific literature, including Souza et al. [15] .
In test 2, although the effluent turbidity was much higher than in test 1, the UV disinfection did not have its efficiency reduced in this case.
In relation to the inactivation of indicator microorganisms E. coli, TC, and coliphages, in both PAA tests and with all doses applied, inactivation below 2 log was observed for all microorganisms, except for the E. coli in the second test, in which 4,48 log was observed. Regarding specifically the coliphages Souza and Daniel [17] also observed results of low inactivation of such viral indicators, employing 3 and 4 mg/L PAA concentrations and 20-minute contact time. Gehr et al. [18] who analyzed different disinfection processes, amongst them PAA, ozone, and UV radiation, to treat effluents in a municipal WTP which employed physicochemical treatment (ferric coagulation or with aluminum) to treat domestic and industrial effluents altogether observed high negative influence of the organic matter on the PAA disinfection, even making the adoption of PAA in this case unviable as an alternative disinfectant for the STS under study. It is important to highlight that in that study all sewage samples presented high concentrations of dissolved organic carbon (DOC) (124-240 mg/L), SS (16-45 mg/L), and turbidity (16-31 NTU).
Regarding PAA tests, samples were collected for the analyses of COD and residual.
The PAA residual, after 10-minute contact, was low; it varied from <0,1 to 0,92 mg/L in test 1 and was 0,34 mg/L in test 2, indicating that a considerable part of the PAA applied was consumed in the wastewater oxidation/disinfection phases. After disinfection with PAA, the COD increased with the increase in the concentration of the PAA applied (in test 1, e.g., from 53 mg/L in gross sewage to 70 mg/L after application of 4 mg/L PAA). This fact was observed in other studies developed by the authors of this study, with special attention to the study of Cavallini et al. [19] who analyzed the disinfection of wastewater with PAA and observed that the application of different PAA doses to the wastewater with 20-minute contact time resulted in 15% average increase in the COD at each 10 mg/L PAA applied.
According to Kitis [8] the increase in organic content in the PAA disinfected sewage samples, associated with the microbial potential regrowth, is the biggest inconvenience of the use of this disinfectant. The author ascribes this increase to the presence of acetic acid, which is a biodegradable compound, present both in the PAA composition and in its decomposition product.
However, the authors of this work do not ascribe the COD elevation only to the acetic acid, as proposed by Kitis [8] , once the PAA is a percarboxylic acid which also contributes to the organic load of the disinfected effluent. Thus, it is not possible to relate the COD elevation only to the acetic acid. Table 2 , results obtained with the PAA/UV sequential method in both tests with wastewater are presented.
PAA/UV Sequential Disinfection of Wastewater. In
For E. coli 4,5 log inactivation was obtained for both PAA/UV doses employed in experiment 2, in which 100% inactivation was reached. Also, for the three last combined doses employed of 3(187,74), 4(125,16), and 4(187,74), despite the lower inactivation log(4,04), 100% E. coli inactivation efficiency was also reached.
For total coliforms, inactivation of up to 4,25 log with the 4(187,74) dose was obtained, and, for coliphages, 3,1 log inactivation for both doses applied in experiment 2, and 2,5 log for doses 3(125,16) and 4(187,74) employed in experiment 1.
In general, disinfection tests with the sequential method were proved more efficient than the experiments in which disinfectants were used separately. In most cases, the highest inactivation log reached using only one disinfectant was overcome in the sequential method with the use of smaller doses of each disinfectant. This result demonstrates that the sequential method can bring economic benefit, once the doses needed of each disinfectant were smaller in this process than in the disinfection with only PAA or only UV radiation.
Synergy Verification.
With the inactivation results of the sequential disinfection tests, it was possible to verify the occurrence or nonoccurrence of synergy for the method used. According to Finch et al. [20] , synergy is verified from the premise that the inactivation resulting from the sequential action must be higher than the sum of individual inactivation. Consider
where is sequential process resulting inactivation, 1 is primary disinfectant resulting inactivation, 2 is secondary disinfectant resulting inactivation, is organism final number, and is organism initial number. Results of synergy verification for both tests are presented in Table 3 .
According to the results obtained, very little synergy was observed, occurring only for the E. coli with the dose 3(187,74) and for coliphages with the doses 3(125,16) and 1(187,74), in the first test. And, in test 2, there was synergy only in the inactivation of total coliforms, with the dose 3(164,84). That is, in most cases, the inactivation provided by the sequential method was lower than the sum of inactivation in the individual disinfection processes.
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However, although the sequential method almost did not present synergy, it was proved more efficient in the disinfection than the individual methods. The sequential method provided higher inactivation values obtained amongst the three methods analyzed, and these are 4,48 log for E. coli, 4,25 log for total coliforms, and 3,1 log for coliphages.
In the case of wastewater experiments, the low residual value of PAA in the effluent did not permit the formation of AOP and its potential effect added to the microbial inactivation.
Caretti and Lubello [11] proposed an advanced treatment for wastewater, aiming at complete reuse in agriculture, and evaluated the efficiency of the PAA and UV disinfectants in the configuration: PAA/UV and UV/PAA, and, considering the same doses, observed that the levels of inactivation reached when the PAA was added before the UV radiation were higher. The effect of inactivation resulting from the PAA/UV method overcame the sum of these disinfectants individual effects, confirming the synergy between these two treatments. The highest efficiency of the PAA/UV combined method was ascribed to the formation of free radicals due to the PAA photolysis, in the presence of UV rays.
Koivunen and Heinonen-Tanski [12] , with the PAA/UV combined method, observed synergic effects against enteric bacteria, reaching values over 2 log inactivation for E. coli. However, the coliphages inactivation presented much lower synergy values.
Tests of Water Disinfection Employing the Individual
Methods PAA and UV Radiation. Regarding the experiments with synthetic water, the turbidity was 0,52 NTU in the first test and 0,82 in the second test; the COD varied between 367 and 377 mg/L in the first test and 655 and 665 mg/L in the second; the absorbance in 254 nm varied from 0,069 to 0,107 in the first test and 0,136 to 0,158 in the second.
High COD and absorbance values in the synthetic water were due to the cultures media present in the microorganism strains added to the water, which also provided higher turbidity to the water in test 2, and the COD had its valued doubled, in test 2, proportionally to the elevation of E. coli concentration and coliphages in water prior to disinfection. In Table 4 , the results of microbial inactivation in the synthetic water disinfection tests employing the individual methods PAA and UV radiation are presented.
In test 1 the UV radiation provided 0,13 log E. coli inactivation after 60 s exposure and total efficacy at 90 s, with approximately 2,7 log, with significant improvement of this microorganism inactivation being noted with the increase in the UV dose.
According to data presented in Table 4 , the UV system was highly efficient in terms of E. coli and coliphages inactivation regarding the 90 s exposure time, in which radiation doses above 300 mW⋅s⋅cm −2 were generated for both tests. In experiments with PAA in test 1, the concentration of 2 mg/L PAA provided 1,7 log E. coli inactivation and for the concentrations 3 and 4 mg/L total inactivation was reached (2,7 log). Regarding the second test, only the dose 4 mg/L resulted in coliphages maximum inactivation (3,3 log) and 2,95 log for E. coli.
In Table 5 , PAA residuals present in samples after disinfection for the different doses applied are presented.
PAA was not totally consumed (after 10-minute contact time) at any of the concentrations applied; a certain pattern of PAA consumption was even observed: for doses 2, 3, and 4 mg/L applied in the first test, the consumption was, respectively, 1,25; 1,34; and 1,6 mg/L PAA, and in the second test, which presented higher microorganisms density in the samples prior to disinfection, the PAA residual was lower, and the consumption was 1,8; 1,55; and 1,89 mg/L, respectively, for the same doses previously employed. The PAA consumption, in this study, was always below 2 mg/L, which seems to mean that only certain percentage of the PAA applied is really used to satisfy the demand and disinfect; the remaining PAA is available in residual form in the water or wastewater, not presenting antibacterial effect. After this observation, it is important to highlight that the use of PAA in full scale, for different water or wastewater characteristics, requires the evaluation of its real consumption, which depends amongst other factors on the characteristics of the organic matter and the microbial density, so that the best dosage to be employed is set for each case, aiming to avoid, mainly, unnecessary costs with the use of chemical product.
Sequential PAA/UV Disinfection with Synthetic
Water. In Table 6 , the microorganisms E. coli and coliphages inactivation values in the sequential PAA/UV disinfection, as well as the PAA residual, are presented.
The E. coli and coliphages inactivation results with PAA treated water (2, 3, and 4 mg/L) followed by UV radiation were considered excellent, once 5 log microorganism reduction was reached with all combined doses employed, and in all situations the detection limit of the method employed was reached, after 60-second UV radiation exposure, suggesting that it is possible to reduce the UV radiation time.
As PAA residual was detected after the contact period of 10 minutes, the higher inactivation values obtained in this experiment are ascribed to the occurrence of OH radical formation provided by the AOP PAA/UV.
Conclusion
This study enabled us to conclude that the E. coli, TC, and coliphages microorganisms inactivation through the advanced PAA/UV oxidative process is an alternative which presents high efficacy of microbial inactivation once it resulted in maximum disinfection values. The absence of suspended solids in the synthetic water provided, in general, better microbial inactivation results when compared to the experiments carried out with wastewater. This is probably due to the shield effect provided by the suspended particles which protect the microorganisms from the action of the disinfectant agents, both chemical, and especially of the UV radiation.
The possibility of synergy occurrence when employing AOPs such as the PAA/UV proposal is a very important tool, which should be better investigated, as it can guarantee higher global disinfection efficacy even when lower doses of disinfectant are applied, which might lower the cost of the process. Although economic viability has not been evaluated in this study, it is a relevant aspect, mainly in the case of WTP; this factor might be the one to rule the disinfection systems maintenance in such units.
